Context. The area asymmetry between the preceding and following regions of opposite magnetic polarity in a bipolar sunspot group has been known since the studies of Hale and his colleagues in the early 20th century. This area asymmetry, however, has not yet been investigated quantitatively using magnetograms. Aims. We quantitatively define the area asymmetry of bipolar magnetic fields in the photosphere of active regions on the Sun, and investigate correlations between the area asymmetry and other parameters. Methods. We selected 138 bipolar regions including eleven recurrent regions from magnetograms observed by the Michelson Doppler Imager (MDI) from 23 April 1996 to 2 September 2001. These regions are on the southern hemisphere and around the solar meridian. The area asymmetry (A), tilt angle (θ), and magnetic orientation (M) are investigated separately in the preceding and following polarities of the respective active regions. Results. It is found that in 37% (51/138) of our events the preceding polarity regions have larger areas than the following polarity regions. The ratio of the area of the preceding and following polarity regions become close to be unity in four recurrent active regions. In the other four regions, the area ratios do not change, and in three regions, the area ratios become far from unity. Conclusions. Our results quantitatively confirmed our impression that areas of the preceding polarities are lower than those of the following polarities in many bipolar magnetic regions.
Introduction
It is easily found in magnetograms that there is the area asymmetry between the preceding and following polarities in many bipolar regions. This area asymmetry shows a tendency toward the preceding polarity having more compact and stronger magnetic field than the following polarity. The area asymmetry in magnetograms could be comparable to the morphological asymmetry of sunspots in white-light data, which typically means that the preceding polarity has a large sunspot and the following polarity has small and fragmented ones (see, Fig. 4 of Fisher et al. 2000) . This morphological asymmetry is one of well known features in sunspot activities (see, Sect. 10 of Zirin 1988) , and has been studied with sunspots' areas (e.g., Ludmány et al. 1999) . In this paper, we quantitatively investigate the area asymmetry of solar bipolar regions with magnetic field data. Hale et al. (1919) is one of the oldest papers on the morphological asymmetry of sunspots. They classified sunspot groups that appeared from 1915 through 1917 with their proposed sunspot types (Mt. Wilson magnetic classification), and reported in their Table 3 that about 50% of the sunspot groups show principal spots on the preceding polarities, while 10% of the groups show principal spots on the following polarities.
Several previous papers (see Ludmány et al. 1999 , and references therein) obtained their results from white-light data. Their issues are morphological asymmetries between the preceding and following sunspots; e.g., Ludmány et al. (1999) attempted Table 3 is only available at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/539/A13 to quantify the compactness of the preceding and following sunspots, and studied the sunspots asymmetry derived from their compactness.
In previous numerical simulations of the thin flux tube model, Fan et al. (1993) and Fan & Fisher (1996) showed from their numerical simulations that the area asymmetry, which is comparable to the field strength asymmetry, between the preceding and following polarities could be produced by the Coriolis force during a flux tube's rising motion in the solar convection zone. However, there is no quantitative study of the area asymmetry that can be compared with the results of Fan et al. (1993) and Fan & Fisher (1996) . Fisher et al. (2000) reviewed observed morphological asymmetries of active regions and numerical simulations of flux tube emergence.
Recently reported helicity injection asymmetries and magnetic flux imbalances between the positive and negative polarities on several active regions. Fan et al. (2009) reproduced the area asymmetry in their magnetohydrodynamic simulation, and showed helicity flux asymmetry. They argued that an area asymmetry in their simulations coincides with a magnetic twist asymmetry between the preceding and following flux lopes, and this twist asymmetry results in the helicity flux asymmetry. Our results for the area asymmetry may have relations with these issues.
In this study, we quantitatively estimate the area asymmetry ratio from photospheric magnetograms, and compare this with other parameters described in the later. In Sect. 2 data and parameters are described. We show our results in Sect. 3. Discussions are given in Sect. 4. Our results are summarized in Sect. 5. 
Data and parameters

Data and events
We investigated level 1.5 magnetograms obtained with the Michelson Doppler Imager (MDI; Scherrer et al. 1995 ) from 1996 April 23 to 2001 September 2. This period is the first half of cycle 23. To retain the homogeneity in our ensemble with minimum sample number, we selected active regions that existed on the southern hemisphere during the first half of cycle 23.
The magnetograms that we checked were observed around 00:00 UT or 01:36 UT on each day. We ignored days on which magnetograms were not observed at these times. These magnetograms covered about 90% of the MDI observation days during our analysis period. The pixel width of the magnetograms is 1.98 arcsec.
To select active regions and to exclude other magnetic field components from their appearances, we arbitrarily set possible smaller rectangle regions including active regions with the following conditions. 
where Φ is the unsigned magnetic flux in the rectangle region, subscripts "+" and "−" show the positive and negative polarities, and B z is the longitudinal field strength. To calculate Φ and other morphological parameters described in Sect. 2.2, we selected pixels where unsigned field strength is greater than 50 G. We tried to set rectangle regions to make the magnetic flux balance small. Figure 1 shows examples of selected active regions and rectangles. Finally, we obtained 138 regions including not only active regions but also decaying active regions. The range of total magnetic flux (Φ + +Φ − ) is from 7 × 10 12 Wb to 6 × 10 14 Wb, and that of total area is from 7 × 10 8 km 2 to 3 × 10 10 km 2 . In this selection we excluded much smaller regions and scattered regions that are hardly confirmed in the dynamic range of display (±1000 G). In our future statistical study, regions will be detected automatically.
To reduce the uncertainty of area asymmetry caused by the magnetic flux imbalance, we selected active regions whose magnetic imbalances are less than 15%. So far, several authors have reported magnetic flux imbalances in active regions (see Sect. 3.6 of Tian et al. 2003 , and references therein). From 517 samples, Tian et al. (2003) between 10% and 20%. It is easily predicted that a larger magnetic flux imbalance can lead to greater area asymmetry. By excluding larger magnetic flux imbalance, we tried to obtain area asymmetry that does not relate to magnetic flux imbalance. We discuss this uncertainty in Sect. 4.3.
Here we also mention a saturation of field strength measurement by MDI, which cannot observe strong field strength (|B z | ≥ 2000 G in level 1.5 magnetograms) around sunspot umbrae (e.g., Fig. 6 of Berger & Lites 2003) . Liu et al. (2007) report the cause of this saturation. A typical value of our unsigned field strength is 196 G, and the maximum field strength is 2080 G. In seven regions, maximum field strengths are over 1900 G. This saturation may affect estimations of the magnetic flux imbalance, and do not affect measurements active regions areas. As for the calibration status of MDI, see their WEB site 1 .
Morphological parameters
We estimated following morphological parameters of the selected regions; magnetic orientation (M), tilt angle (θ), and area asymmetry ratio (A). If magnetic orientation is consistent with Hale's polarity rule (Hale et al. 1919) , M is set to be 1. Otherwise, M is equal to 0. According to Hale's polarity rule, negative polarities appeared at the preceding region on the southern hemisphere in solar cycle 23. We decided M from the fieldweighted positions (x , y ) of the preceding and following polarities. These field-weighted positions are calculated as,
where x and y indicate the solar center coordinate. If x of the negative polarity is larger than that of the positive polarity, M is set to be 1. The tilt angle θ is estimated from the following equation,
where subscripts p and f shows the preceding and following polarities, respectively. The area asymmetry ratio A is defined as,
where S is the area of each polarity where unsigned field strength is over 50 G. Therefore, if an area of the preceding polarity is smaller than that of the following polarity, A is greater than zero. The particular choice of the threshold of 50 G is motivated by the noise level of MDI magnetograms of about 20 G (Table 1 of Scherrer et al. 1995) . Table 3 , available at the CDS, contains a list of the bipolar regions. Columns 1-3 describe the date, Col. 4 shows the MDI daily number of the 96 minutes cadence data set, Cols. 5-8 give the field-weighted position (x , y ), area, and average field strength of the positive polarity, and Cols. 9-12 show those of the negative polarities. As a result of our region selection, these parameters were obtained from magnetograms observed around 00:00 UT. 
Results
Statistical results
Here we show results of A. Figure 2 shows a scatter plot between θ and A. Figure 3 shows histograms of θ and A. Table 1 shows number of regions between θ, M, and A. It is found that A in Fig. 2 distributes between −0.2 and 0.4. From the Gauss fitting shown in Fig. 3 , the average value of A is found to be 0.03, and the standard deviation is 0.11. The average value of tilt angle θ is 0.15 radian, and the standard deviation is 0.23 radian. Table 1 shows that area asymmetry is negative in 37% (51/138) of the analyzed regions. There is no correlation between A and θ in Fig. 2 .
Here we point out irregular orientation regions (M = 0). Table 1 shows that irregular orientation regions are 6% (8/138) of the analyzed regions. This value is similar to previous results obtained from white light data (e.g., Richardson 1948; Khlystova & Sokoloff 2009 ). We cannot give a clear reason for irregular orientation regions distributed in certain parameter regions ([A ≤ 0 and θ > 0] or [A > 0 and θ ≤ 0]) in Fig. 2 . This is a subject of our future statistical study.
We also investigated dependencies of θ and A on the magnetic flux and latitude. We cannot, however, find any clear dependencies on these parameters. Magnetic fluxes and latitudes that we used are the average ones derived from the positive and negative polarities. This may be due to how few events we have. Fisher et al. (1995) analyzed 24 701 sunspot groups, while we analyzed 138 regions. Figure 1 of Fisher et al. (1995) shows the weak latitude dependency of tilt angles with large dispersion. Statistical study of A with large sample number is our future subject.
Temporal evolution of A
In our samples, number of decay-phase regions is 25. A decayphase region is defined as a region that appeared more than one month ago. These decay-phase regions show a narrower range of A, −0.15-0.14, than shown in Fig. 2 . As for the latitude, a range of the decay-phase regions are equal to the one in Fig. 2 . From this result, we expected that the area asymmetry would come closer to zero as a region decays.
In our samples, we could compare values of A in eleven recurrent regions. Table 2 and Fig. 4 show temporal evolutions of A in these recurrent regions. The intervals of the recurrent regions are almost 28 days. Column 6 in Table 2 Table 2 shows magnetic flux evolutions. In seven regions, unsigned magnetic fluxes decreased, at least by 10%. In three regions, unsigned magnetic fluxes increased by 60% in one region and at most by 20% in two regions. In one region, the variation of unsigned magnetic fluxes is less than 10%. We cannot find a clear correlation between variations of A and those of averaged magnetic fluxes.
We also checked area variations in the positive and negative polarities. There is, however, no clear tendency between variations of A and those of areas. 
Discussions
Uncertainties of the area asymmetry
Here we try to estimate uncertainties of the area asymmetry. As shown by Eq. (5), an uncertainty of the area asymmetry originates in the uncertainties of area measurements in the positive and negative polarities. There are two error sources of area measurements: 1) whether (rectangle) regions that we set properly include active regions or not; 2) unsigned field strengths below the threshold value (50 G).
Rectangle regions would not be the best way to select active regions, although rectangle regions that we set in this study can contain major components of the active regions (e.g., Fig. 1) . One of our future subjects is a more appropriate selection of an active region area.
In the following, we estimate a typical uncertainty of area asymmetry due to lower field strengths. With an assumption, we estimate areas of lower field strengths, and calculated A as, where dS p and dS f are the areas of lower field strengths in the preceding and following polarities, respectively.
To obtain dS f and dS p , we assume that number of pixels of lower field strengths are continuously distributed from that of higher field strengths. The upper panel of Fig. 5 shows a histogram of field strength in a rectangle region (the upper-right panel of Fig. 1 ). Red and blue lines show results of the linear fitting in the positive and negative polarities, respectively. The linear fittings are calculated within 50 ≤ |B z | ≤ 300. The lower panel of Fig. 5 shows a zoom of the middle part of the upper panel for low field strengths. From these fitting results, we obtained number of pixels of lower field strengths. Figure 6 show a histogram of A − A . From the Gauss fitting, we find that standard deviation of A − A is 0.043. Therefore, if we can lower field strength than the threshold field strength, our results would change around ±0.043. We also calculated area asymmetry A with lower threshold value, 20 G. As a result, from the Gauss fitting, standard deviation of A − A is found to be 0.037.
Origins of the area asymmetry
In Sect. 3, we found that the area asymmetry (A) distributes between −0.2 and 0.4. This is the quantitative result of what Hale et al. (1919) found. So far, only Fan et al. (1993) has explained a mechanism for positive area asymmetry (A > 0) in their Sect. 3.2. In their calculations, during flux tube emergence, plasma gases in the preceding side of a flux tube are transferred into the following side by the Coriolis force along the flux tube axis. Governed by the balance of the gas and the magnetic field pressure in a flux tube, the cross-sectional area of the following side of the flux tube increases, and that of the preceding side decreases. This produces the positive area asymmetry between the preceding and following polarities. This mechanism, however, cannot qualitatively explain negative area asymmetries (A ≤ 0) shown in the lower panels of Fig. 1 and temporal evolution of A shown in Fig. 4 .
About the negative area asymmetry, one may consider that this asymmetry is explained by kinking a flux tube whose original area asymmetry is positive (e.g., the left part of Fig. 1 of López Fuentes et al. 2000) . López Fuentes et al. (2000) report a rotation motion of an irregular orientation region, and interpret this rotating motion as counter kink motion (see their Fig. 1) . We, however, confirmed that some regions of the negative area asymmetry did not show any rotating motions. magnetic field maps for two recurrent regions. As is shown in this figure, these recurrent regions did not rotate. Therefore, the area asymmetry in these regions cannot be explained only by kinking a flux tube.
From another point of view, the decay process of active regions may relate to temporal evolution of A. It is believed that magnetic field in an active region spreads during its decay phase as small magnetic elements (e.g., moving magnetic features; Kubo et al. 2008) , and some small elements vanish by colliding with the opposite polarity elements (e.g., magnetic flux cancellation; Chae et al. 2004) . Some fraction of the decaying magnetic fields are believed to be transported into the poleward by the meridional circulation flow (e.g., Dikpati & Charbonneau 1999 ). More precise analysis in active regions is needed.
Magnetic flux imbalance
As introduced by the previous authors (e.g., Tian et al. 2003) , there are magnetic flux imbalances in analyses of longitudinal field magnetograms. One can easily imagine that larger magnetic flux imbalance can produce larger area asymmetry. In the following, we show a histogram of the magnetic flux imbalance and a relation between the magnetic flux imbalance and the area asymmetry. Figure 8 shows a histogram of the magnetic flux imbalance. Added to the 138 events, this figure shows another 37 events whose unsigned magnetic flux imbalances greater than 15%. This histogram can be approximated by the Gaussian distribution. Samples of the negative magnetic flux imbalance are more than those of the positive magnetic flux imbalance. We cannot judge whether this difference in our samples is significant or not. Tian et al. (2003) imbalance in their Fig. 7 , and its shape seem to be distorted from the Gaussian distribution. Figure 9 shows a scatter plot between the magnetic flux imbalance and the area asymmetry. As is shown in this figure, samples of larger flux imbalance ("+") tend to show greater area asymmetry. On the other hand, those of smaller flux imbalance (" ") are distributed in lower correlation with the area asymmetry. Therefore, here we conclude that the area asymmetry is not strongly correlated to the magnetic flux imbalance in our 138 events.
Positions of active regions are one of imaginable reasons of the magnetic flux imbalance in longitudinal magnetogram analysis. We, however, found that there is no correlation between magnetic flux imbalances and distances from the solar center in Fig. 9 . Area asymmetry vs. magnetic flux balance. "+" and " " show samples whose unsigned magnetic flux imbalance is more than and less than 15%, respectively. our samples. Quantitative study of the magnetic flux imbalance is one of our future subjects.
Summary
In this paper, we quantitatively studied the area asymmetry of the 138 bipolar regions that appeared from 1996 April 23 to 2001 September 2. It is found in Fig. 2 that the area asymmetry ratio (A) distributes between −0.2 and 0.4, and the average value of A is 0.03. We show in Table 1 that the negative area asymmetry is shown in 37% (51/138) of our events, and the irregular orientation (M = 0) in 6% (8/138) of our regions. We cannot find any dependencies of A on the latitude, tilt angle, and magnetic flux. Temporal evolutions of A are also found in eleven recurrent regions (Fig. 4) . In four regions, values of A close to zero. In other four regions, values of A are retained. In three regions, a value of A becomes far from zero. It is difficult to qualitatively explain temporal evolution of A and negative area asymmetry only with the processes considered by Fan et al. (1993) . Additional processes are needed to reproduce the area asymmetry.
